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Abstract The recent trend to reduce the thickness of metallic
sheets used in forming processes strongly increases the likeli-
hood of the occurrence of wrinkling. Thus, in order to obtain
defect-free components, the prediction of this kind of defect
becomes extremely important in the tool design and selection
of process parameters. In this study, the sheet metal forming
process proposed as a benchmark in the Numisheet 2014 con-
ference is selected to analyse the influence of the tool geom-
etry on wrinkling behaviour, as well as the reliability of the
developed numerical model. The side-wall wrinkling during
the deep drawing process of a cylindrical cup in AA5042
aluminium alloy is investigated through finite element simu-
lation and experimental measurements. The material plastic
anisotropy is modelled with an advanced yield criterion be-
yond the isotropic (vonMises) material behaviour. The results
show that the shape of the wrinkles predicted by the numerical
model is strongly affected by the finite element mesh used in
the blank discretization. The accurate modelling of the plastic
anisotropy of the aluminium alloy yields numerical results that
are in good agreement with the experiments, particularly the
shape and location of the wrinkles. The predicted punch force
evolution is strongly influenced by the friction coefficient
used in the model. Moreover, the two punch geometries pro-
vide drawn cups with different wrinkle waves, mainly differ-
ing in amplitude.
Keywords Side-wall wrinkling . Cup drawing . AA5042
aluminium alloy . Finite element method . Non-bifurcation
analysis.
Introduction
Wrinkling, tearing and excessive springback are the major
defects arising in sheet metal forming processes [1, 2]. Due
to aesthetic and/or functional reasons, wrinkling is typically
undesired in finished sheet metal parts. Indeed, it is unaccept-
able in the automotive outer body panels, where the visual
appearance is essential [3]. Furthermore, severe wrinkles
may damage or even destroy the forming tools due to high
contact pressures arising in the areas subjected to wrinkling
[4]. However, the recent tendency in the automotive industry
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to use very thin high strength steel sheets to reduce fuel con-
sumption and improve the safety, increases the likelihood of
wrinkling during forming [5]. In the same way, the improve-
ments carried out in the can manufacturing technology are
aimed to reduce the weight and cost of the can bodies.
Consequently, the new aluminium drawn and ironed beverage
cans have been developed with thinner sidewalls and reduced
base diameters, which also increases the probability of wrin-
kling occurrence [6].
The accurate prediction of wrinkling is extremely impor-
tant in sheet metal forming to reduce as much as possible the
expensive and time consuming Btrial-and-error^ procedures,
as well as improving the quality of products. Wrinkling is a
kind of local buckling of sheet metal that results from insta-
bility under compressive stresses [7]. According toWang et al.
[8], two types of wrinkling can occur during deep drawing of
sheet metals: flange wrinkling and side-wall wrinkling, both
generated from the compressive circumferential stresses.
Since the cup wall is relatively unsupported by the tool, the
compressive stress required to initiate the side-wall wrinkling
is usually smaller than that for flange wrinkling [9]. However,
the elimination of side-wall wrinkles by control of the
blank holder force (changing the radial tensile stress compo-
nent) is more difficult than the suppression of flange wrinkles
[10].
Since the actual trend is to decrease the sheet thickness and
increase the yield strength, wrinkling is becoming one of the
primary failure modes in deep drawing processes. The initia-
tion and growth of wrinkles are influenced by many factors
such as mechanical properties of the sheet material, current
stress state, tooling geometry, contact conditions including
friction, and other process boundary conditions [11]. Several
studies have been carried out to predict the occurrence, shape,
and number of wrinkles. Nevertheless, these studies present a
wide scattering of data for small deviations in the factors, as is
common in instability phenomena [12]. The analytical
methods provide the general tendency and the effect of indi-
vidual parameters on the onset of wrinkling [13]. However,
analytical approaches are restricted to relatively simple prob-
lems, and thus, cannot be employed in general sheet metal
forming processes. Therefore, today wrinkling is mostly stud-
ied using the finite element method, which provides detailed
information concerning the wrinkling behaviour of sheet
metals in complex industrial problems. The buckling analysis
with the finite element method can be performed using two
different approaches: bifurcation analysis of perfect structure
[12, 14] and non-bifurcation analysis [15, 16] considering an
initial imperfection. Since all practical structures contain im-
perfections (material non-uniformity or geometric defects)
typically the non-bifurcation analysis is more accurate than
the bifurcation analysis [11].
Although there are evident advantages of the finite element
simulation to investigate the wrinkling phenomena in sheet
metal forming, the reliability of the numerical results is highly
influenced by the simulation parameters, such as finite ele-
ment type, mesh refinement, problems formulation and reso-
lution, etc. The comparison between solid and shell elements
in the prediction of the wrinkling pattern was carried out by
Henriques et al. [17], showing the strong influence of the finite
element formulation on the wrinkling onset and propagation.
Considering only one layer of solid finite elements in the
thickness direction, the predicted wrinkling pattern is in ac-
cordance with the experimental data, while the model using
shell elements with five integration points along the thickness
direction provides the wrong pattern. The effect of the finite
element mesh size in the number of wrinkles arising in the
cylindrical cup deep drawing process was investigated byKim
et al. [12]. When the height of the wrinkles is too small com-
pared to the wavelength, the wrinkling behaviour cannot be
accurately described using coarse meshes, requiring fine
meshes in the regions where wrinkling is expected to occur
[11]. Indeed, the prediction of wrinkling is very sensitive to
the chosen mesh density.
The comparison between static explicit and dynamic ex-
plicit formulations was investigated by Kawka et al. [16] con-
sidering the deep drawing of conical cups. Comparing both
formulations, the predicted wrinkling behaviour is different in
terms of number, distribution and shape of wrinkles. A com-
parative study of static implicit and dynamic explicit proce-
dures was performed by Kim et al. [18] for the wrinkling
prediction in the hydroforming process. On one hand, they
concluded that the dynamic effect in the explicit method plays
an important role in the simulation results. A careful selection
of the time and mass scaling leads to reasonable results when
using the dynamic explicit approach. On the other hand, the
adoption of the implicit scheme is more reliable and does not
change the physics of the process, but requires high computa-
tional time because equilibrium is considered in each incre-
ment. Moreover, the initiation of the wrinkles without intro-
ducing an initial imperfection is difficult to predict using the
static implicit approach, while the dynamic approach automat-
ically generates deformed shapes with wrinkles due to the
accumulation of numerical error [9].
The formability limit by onset of necking in sheet metal
forming is typically determined based on the strain values in
the forming limit diagram [19]. However, the wrinkling limit
diagram cannot be defined by point variables such as strain or
stress values since the wrinkling limit will also be highly in-
fluenced by tool geometry and contact conditions. The wrin-
kling limit diagram for anisotropic sheet metals subjected to
biaxial plane-stress was proposed by Kim and Son [20] using
bifurcation analysis. Nevertheless, the effects of sheet dimen-
sion on wrinkling behaviour were neglected with the assump-
tion that wrinkling occurs locally [11]. The effect of plastic
anisotropy on the puckering behaviour in the spherical cup
deep drawing process was investigated by Anarestani et al.
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[4] using the bifurcation theory incorporated in the incremen-
tal finite element analysis. The results show that the plastic
buckling tendency decreases while the normal anisotropy in-
creases. The planar anisotropy plays a role of imperfection,
inducing the number of predicted wrinkle waves.
In the present study, the wrinkling behaviour of a sheet
metal forming process is analysed by the finite element meth-
od using the non-bifurcation analysis and compared with ex-
perimental measurements. The influence of the tool geometry,
the material constitutive model and the friction conditions on
the side-wall wrinkling is investigated considering the bench-
mark 4 proposed in Numisheet 2014 –Wrinkling during cup
drawing. The organization of the paper is the following. The
experimental procedure of the cylindrical cup drawing is de-
scribed in Section 2, as well as the approach used to measure
the wrinkles. The developed finite element model is presented
in Section 3, including a mesh sensitivity analysis for the
blank. The comparison between numerical predictions and
experimental results is carried out in Section 4, showing the
accuracy of the numerical solution. The main conclusions of
this study are discussed in Section 5.
Experimental procedure
The benchmark 4 proposed in Numisheet 2014 was selected
for this investigation, which was designed to study the wrin-
kling occurrence during the cylindrical cup drawing process
[21]. The main objective of this study is to investigate the
effects of tool geometry and the material constitutive model
of the sheet on dome wrinkling (puckering) behaviour. The
cup drawing operation involves three axisymmetric forming
tools (die, blank-holder and punch), which are schematically
illustrated in Fig. 1, as well as their main dimensions in
millimetres. In order to investigate the effects of geometry
on the wrinkling behaviour, two different punch geometries
are studied, where the difference between them is simply de-
fined by the dimension h shown in Fig. 1 (b). Consequently,
two distinct process conditions are defined, the so-called con-
dition Awhich involves a punch with h=5.207 mm, and the
so-called condition C for which h=3.429 mm. The circular
blank of an AA5042 aluminium alloy with 64.77 mm of di-
ameter and 0.2083mm of initial thickness is considered in this
benchmark.
The deep drawing of the cylindrical aluminium cups is
carried out at room temperature in a hydraulic press with
maximum capacity of 5 tonnes using the set of forming
tools schematically shown in Fig. 1. The press is
equipped with a monitoring system (Keithley), which
enables the acquisition of the punch force evolution as
a function of its stroke and the blank-holder force. The
experimental tests are run in triplicate for each process
condition in order to investigate the reproducibility. The
drawing process is performed with a constant punch trav-
el speed of 140 mm/s and a constant blank-holder force
of 8.9 kN. The cup is drawn completely considering a
punch travel of 20 mm, while the gap between the blank-
holder and the die is not restricted by any rigid stop
during the drawing process. All forming tools are made
of AISI A2 steel [22] with 58–60 of Rockwell C hard-
ness and surface roughness about 2–4 μm (finish work-
ing surfaces). An oil lubricant is applied to both sides of
the blank to reduce the frictional forces between the
forming tools and the blank sheet during the experiments.
The final geometry of the cylindrical aluminium drawn cup,
performed under the condition A, is presented in Fig. 2,
highlighting the development of wrinkles in the conical side-
wall of the drawn cup [21].
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Fig. 1 Schematic of the forming tools used in the drawing process and their dimensions (mm): (a) global view; (b) detail view of the punch geometry
with the variable dimension h
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The wrinkling behaviour during the drawing is de-
fined in this study by the wrinkle waves developed
along the unsupported side-wall area of the cup [21].
The wrinkle contours are measured in the outer surface
of the drawn cup using a coordinate measuring machine
(CMM). The geometrical measurements are performed
at several circumferential paths (layers) with increments
of 0.5 mm along the z-direction (negative) from the top
surface of the drawn cup. The radial distance of the
points is calculated with respect to the cup axis, which
is evaluated along the circumferential direction specified
by the rolling direction. The processed CMM scan data
provides the amplitude and frequency of the wrinkle
pattern for both conditions studied (punches with different
profile depths).
Finite element model
Since side-wall wrinkling is expected to occur during the
axisymmetric deep drawing problem, a 3D finite element
model is mandatory for an accurate analysis. The numerical
simulations of the cup drawing process are performed with
the in-house static implicit finite element code DD3IMP
[23], which has been specifically developed to simulate
sheet metal forming processes [24]. The kinematic descrip-
tion of the blank is described by an updated Lagrangian
formulation. The forming tools are considered rigid bodies
with its surface modelled by Nagata patches [25], while the
nodal normal vectors required for the contact surface
smoothing approach are evaluated through the IGES file
using the algorithm proposed by Neto et al. [26]. The fric-
tion between the blank and the forming tools is described
by the classical Coulomb’s law. The frictional contact prob-
lem is regularized through the augmented Lagrangian meth-
od [27], leading to a mixed system of equations involving
both displacements and contact forces as unknowns. An
explicit approach is used to calculate an approximate first
solution for the nodal displacements, the stress states and
frictional contact forces. Then, in order to improve the con-
vergence during the subsequent iterative stage, the incre-
ment size (defined by the user) is adjusted using a gener-
alization of the rmin strategy proposed by Yamada et al.
[28]. The first trial solution is iteratively corrected using
the generalized Newton method until a satisfactory equilib-
rium state of the deformable body is achieved. In order to
improve computational performance, some high perfor-
mance computing techniques have been incorporated in
DD3IMP to take advantage of multi-core processors, name-
ly OpenMP directives in the most time consuming branches
of the code [29].
Due to geometric and material symmetry conditions of the
cup drawing process, only one quarter of the model is simu-
lated. The blank is discretized with 8-node hexahedral finite
elements associated with a selective reduced integration
scheme [30]. The modelling of the blank with solid elements
allows the accurate evaluation of the contact forces and the
through-thickness gradients (stress and strain) during defor-
mation in the can-making process [31]. The friction coeffi-
cient between sheet and tools is assumed to be constant and
taken from the benchmark specifications as μ=0.03. The
blank geometry (one-quarter) is divided in two zones, as
shown in Fig. 3. The central zone of the blank (radius inferior
to 12.5 mm), which corresponds to the flat area of the punch
(see Fig. 1), is characterized by small strains during the draw-
ing process. Therefore, it is discretized by a relatively coarse
unstructuredmesh. On the other hand, the blank zone in which
wrinkling is expected to occur is discretized with a fine struc-
tured mesh to accurately reproduce the wrinkling waves. In
the present study, the finite element model does not contain
Fig. 2 Development of side-wall wrinkles in the experimental drawing
of a cylindrical cup [21]
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Fig. 3 Division of the blank in two zones to perform a structured mesh
on the wrinkle region (NERD: number of elements in the radial direction;
NECD: number of elements in the circumferential direction, dimensions
in mm)
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any initial imperfection to induce wrinkling. In fact, the initi-
ation of the wrinkles arises as results of the round-off error
present in the finite element simulation.
Material constitutive behaviour
The mechanical behaviour of the AA5042 aluminium alloy is
assumed to be elastic–plastic. The elastic behaviour is consid-
ered isotropic and constant, which is defined by the Young’s
modulus and the Poisson’s ratio indicated in Table 1. The
characterization of the plastic response requires the specifica-
tion of a hardening law, a yield function and a flow rule by
which the subsequent plastic deformations can be calculated.
The plastic strain increment vector is normal to the yield sur-
face when the associated flow rule is considered in the
orthotropic behaviour description. The isotropic work harden-
ing behaviour is modelled by the Voce law:
Y ¼ Y sat − Y sat − Y 0ð Þexp −C εpÞ;ð ð1Þ
where Y is the flow stress, and εp denotes the equivalent plas-
tic strain, while Y0 (initial yield stress), Ysat, and C are material
parameters according to the Voce law. The kinematic harden-
ing is not taken into account in this study since the experimen-
tal tests required to perform the parameters identification are
not available (e.g. Bauschinger tests). The material parameters
describing the isotropic work hardening law are evaluated by
minimizing the relative difference between experimental and
numerical stress–strain curves of the uniaxial tensile test ori-
ented along the rolling direction [21]. The three parameters of
the Voce law obtained from the optimization procedure are
presented in Table 1.
An accurate description of the anisotropy in the rolled
sheets is essential for reliable simulations of cup drawing pro-
cess, since it governs the material flow characteristics during
forming operation [32]. Phenomenological plasticity theories
consider initial anisotropy through a yield criterion. Although
widely used for anisotropic materials, the Hill’48 yield crite-
rion is known to inaccurately describe the behaviour of mate-
rials with low r-values, such as aluminium alloys [33].
Therefore, the advanced yield criterion proposed by Cazacu
and Barlat [34] is adopted in this study to model the aniso-
tropic behaviour of the AA5042 aluminium alloy. It is based
in the generalization of the invariants of the deviatoric stress
tensor to orthotropy. These generalized stress invariants are
then used to extend the Drucker’s isotropic yield criterion to
orthotropy, such that:
Y ¼ 27 J 02
 3−c J 03
 2 n o1=6
; ð2Þ
where J 02 and J
0
3 are the second and third generalized
invariants of the effective deviatoric stress tensor.
Table 2 Material anisotropy parameters of the Cazacu&Barlat 2001
yield criterion
a1 a2 a3 a4 a5 a6 b1 b2 b3
0.838 0.981 1.242 1.252 1.000 1.000 37.49 9.458 31.94
b4 b5 b6 b7 b8 b9 b10 b11 c
8.142 −18.08 1.000 1.000 1.000 1.000 15.89 1.000 0.004
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Fig. 4 Material anisotropy of the aluminium alloy AA5042 described by the Cazacu&Barlat 2001 yield criterion compared with experimental values:
(a) uniaxial tensile yield stress; (b) plastic strain ratio
Table 1 Elastic proprieties and material parameters of the work
hardening law
Elastic properties Isotropic hardening (Voce law)
E=68,900 MPa Y0=267.8 MPa
ν=0.33 Ysat=375.1 MPa
C=17.86
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The second invariant generalized to orthotropy is de-
fined as:
J 02 ¼
a1
6
σxx −σyy
 2 þ a2
6
σyy −σzz
 2 þ a3
6
σxx −σzzð Þ2
þ a4σ2xy þ a5σ2xz þ a6σ2yz; ð3Þ
where the coefficients ai (i=1…6) reduce to unity in the iso-
tropic case. The third invariant generalized to orthotropy is
defined as:
J 03 ¼
1
27
b1 þ b2ð Þσ3xx þ
1
27
b3 þ b4ð Þσ3yy þ
1
27
2 b1 þ b4ð Þ−b2−b3ð Þσ3zz
−
1
9
b1σyy þ b2σzz
 
σ2xx−
1
9
b3σzz þ b4σxxð Þσ2yy
−
1
9
b1−b2 þ b4ð Þσxx þ b1−b3 þ b4ð Þσyy
 
σ2zz
þ 2
9
b1 þ b4ð Þσxxσyyσzz−
σ2xz
3
2b9σyy−b8σzz− 2b9−b8ð Þσxx
 
−
σ2xy
3
2b10σzz−b5σyy− 2b10−b5ð Þσxx
 
−
σ2yz
3
b6 þ b7ð Þσxx−b6σyy−b7σzz
 þ 2b11σxyσxzσyz;
ð4Þ
where the coefficients bi (i=1…11) reduce to unity for iso-
tropic conditions. This yield criterion involves 18 material
parameters for 3D stress conditions. For metal sheets the pa-
rameters a5, a6 and bk (k=6,7,8,9,11) cannot be evaluated,
thus the corresponding isotropy condition values are com-
monly adopted, i.e. 1.0. Therefore, the anisotropy parameters
reduce to 11, which are: ak (k=1,… ,4), bk (k=10) and c.
Due to the large amount of anisotropy parameters
involved in the definition of this advanced yield criterion
(Cazacu&Barlat 2001), the parameter identification procedure
becomes complex [35]. In the present study it was performed
using the in-house code DD3MAT [36] specifically developed
for this purpose, which is based on the minimization of an
error function that evaluates the difference between the esti-
mated values and the experimental ones. However, the condi-
tions that guarantee the convexity of Cazacu&Barlat 2001 are
unknown. Therefore, following Soare et al. [37], the minimi-
zation process adopted includes testing the convexity of the
yield surface for several planes in the stress space [38]. The
experimental data provided by the benchmark committee [21]
for the AA5042 aluminium alloy comprises the initial tensile
yield stresses and the plastic strain ratio (Lankford coefficient)
values for seven equally spaced orientations with the rolling
direction (see Fig. 4). The normal anisotropy coefficient
of this aluminium alloy is r ¼ r0 þ 2r45 þ r90ð Þ =4 ¼ 0:972,
while the planar anisotropy coefficient is given by
Δr=(r0−2r45+r90)/2=−0.194, where the subscripts refer to
the angle between the tensile specimen axis and the rolling
direction of the sheet.
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Fig. 5 In-plane mesh refinement considering material isotropy (condition A): (a) punch force evolution; (b) radial coordinate of the side-wall cup
evaluated in two layers as function of the angular position
Table 3 Number of finite elements used in each zone of the blank for three different meshes (2 layers of elements through the thickness). RD: radial
direction
NERD Element length in RD [mm] NECD Element central angle [°] Structured zone Unstructured zone Total of elements
Mesh #1 100 0.199 100 0.90 20,000 2546 22,546
Mesh #2 120 0.166 200 0.45 48,000 3802 51,802
Mesh #3 150 0.132 250 0.36 75,000 4630 79,630
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The material anisotropy parameters obtained from this
identification procedure are listed in Table 2 for the AA5042
aluminium alloy. The comparison between experimental and
numerical results of the initial uniaxial yield stress values and
the Lankford coefficients are presented in Fig. 4 (a) and (b),
respectively. The set of material parameters obtained with
DD3MAT provides a definition of the anisotropic yield sur-
face in good agreement with the experimental values, partic-
ularly for the plastic strain ratio distribution.
Mesh sensitivity analysis
The in-plane mesh refinement of the blank has been identified
by Kim et al. [12] as a numerical parameter that strongly influ-
ences the wrinkling prediction. Thus, the influence of mesh
refinement on the numerical results is analysed using five dif-
ferent finite element meshes. The sensitivity finite element
analysis is performed considering isotropic (vonMises) material
behaviour before applying the advanced anisotropic yield crite-
rion previously presented [34]. Only condition A was tested
since the likelihood of wrinkling occurrence is higher in this
condition than in condition C, since the angle of the conical
cup is lower [16]. Firstly, the in-planemesh refinement is studied
considering a fixed number of finite elements through the thick-
ness (2 layers). After that, the number of elements along the
thickness direction is analysed considering the in-plane mesh
selected in the first stage. Concerning the structured zone of
the mesh (see Fig. 3), the number of finite elements along the
radial direction (NERD) and along the circumferential direction
(NECD) are specified in Table 3, for the threemeshes adopted in
the in-plane mesh refinement study. The finite element length in
radial direction and the central angle defined by the element in
the structured zone are specified for each mesh. The total
number of finite elements employed in each zone (structured
and unstructured) of the blank is indicated, as well.
The punch force evolution with its displacement (full cup
drawing) is shown in Fig. 5 (a) for each finite element mesh
defined in Table 3. Since the region of the blank in contact with
the rigid tools is contained within in the structured zone (concen-
tric mesh), each circumferential line of blank nodes comes into
contact simultaneously with the tools when considering isotropic
material behaviour. Thus, small oscillations in the punch force
evolution occur, particularly for the coarse mesh (mesh #1),
which presents a smaller number of finite elements in the radial
direction (see Table 3). The punch force increases abruptly at
around 8 mm of displacement because the largest cross section
of the punch comes into contact with previously formedwrinkles
(see Fig. 1). The deformed configuration of the cylindrical cup
provided by mesh #2 is presented in Fig. 6 assuming material
isotropy (condition A). The side-wall wrinkling behaviour is
evaluated in the present study through the radial distance of the
cup after full drawing,measured in the two parallel cross sections
indicated in Fig. 6, specifically at z = −3.5mm and z = −5.5mm.
Since the coordinate system origin is located on the top surface
of the cup with outward orientation (see Fig. 1), the cross
sections perpendicular to the cup axis are defined by negative
values of z-coordinate. The radial coordinate of the drawn cup
defined as function of the angular position is presented in Fig. 5
(b) for the finite element meshes specified in Table 3.
Considering the coarse mesh (see mesh #1 in Table 3), the finite
element size adopted for the circumferential direction is insuffi-
cient to reproduce accurately the wrinkling waves (amplitude
and frequency). Consequently, the punch displacement forwhich
the punch force increases suddenly occurs later, defining the
instant where the wrinkles touch the largest cross section of the
punch. For both results analysed, only the coarse mesh (mesh
#1) leads to significant differences in comparison with the other
two finite element meshes, as shown in Fig. 5.
The second study concerning the mesh sensitivity analysis
deals with the number of finite elements adopted in the thickness
direction. Since the numerical results are identical for mesh #2
and mesh #3 (see Fig. 5), and the number of finite elements is
considerably higher in mesh #3 (see Table 3), the second stage is
carried out using the in-plane discretization corresponding to
mesh #2. Then, two additional finite element meshes are created
to analyse the mesh refinement in the thickness direction, namely
Table 4 Number of finite
elements used in three different
meshes with the same in-plane
discretization (NETD: number of
elements in the thickness
direction)
NERD NECD NETD Structured zone Unstructured zone Total of elements
Mesh #2 120 200 2 48,000 3802 51,802
Mesh #4 120 200 1 24,000 1901 25,901
Mesh #5 120 200 3 72,000 5703 77,703
Fig. 6 Deformed geometry of the cylindrical cup predicted by mesh #2
considering material isotropy (condition A)
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mesh #4 (1 layer of finite elements) andmesh #5 (3 layers of finite
elements). The total number of finite elements composing each
mesh is indicated in Table 4, as well as the number of elements
employed in each direction of the structured zone (see Fig. 3).
The predicted punch force evolution is presented in Fig. 7 (a)
for each finite elementmesh indicated in Table 4. The force value
is considerably lower using the discretizationwith only 1 layer of
finite elements through the thickness (mesh #4). Furthermore,
the punch displacement for which the force increases abruptly
is slightly inferior adopting this mesh. The radial coordinate of
the drawn cup as function of the angular position specified by the
rolling direction is shown in Fig. 7 (b) for the threemeshes in two
parallel cross sections. The wrinkling pattern predicted by the
mesh with only 1 layer of finite elements through the thickness
presents a different number of wrinkling waves, although the
height is similar. On the other hand, mesh #2 and mesh #5
provide identical results, both in terms of punch force evolution
(Fig. 7 (a)) and wrinkling pattern (Fig. 7 (b)).
The computational performance of the numerical simulation
using different finite element meshes is presented in Table 5. All
numerical simulations are carried out on a computer machine
equippedwith an Intel®Core™ i7–2600KQuad-Core processor
(3.4 GHz) and the Windows 7 Professional (64-bits platform)
operating system. The number of increments required to com-
plete the forming process is between 706 and 748. Therefore, the
average increment size is approximately 0.025 mm, while the
average number of iterations per increment is about 8.5. Note that
the number of iterations required to achieve equilibrium in each
increment is higher in drawing processes involving wrinkling
than in classical sheet metal forming simulations, as shown in
the deep drawing process of a cylindrical cup presented by Neto
et al. [39]. The computational time increases exponentially with
the mesh refinement, as shown in Table 5. In fact, the computa-
tional cost is about 3 days using the finer mesh (mesh #3), while
the adoption of mesh #2 leads a computational time inferior to
1 day. Although the total number of finite elements composing
the mesh #3 and the mesh #5 is similar (see Table 3 and Table 4),
the computational cost is significantly lower adopting the mesh
#5 (3 layers of finite elements) since the number of contact
elements is reduced. Comparing mesh #2 with mesh #5, the
computational cost doubleswhen using 3 layers of finite elements
through the thickness. Therefore, taking into account the compu-
tational time and the accuracy of the numerical results achieved,
mesh #2 is the discretization adopted in the following analysis.
Results and discussion
This section contains the comparison between experimental
results and the numerical predictions for both conditions (punch
A and punch C), considering the anisotropic behaviour of the
aluminium alloy described by the advanced yield criterion [34].
In order to quantify the effectiveness of the proposed finite
element model, the punch force evolution and the shape of
the wrinkles after the drawing process are evaluated in this
study. The deformed configuration of the cylindrical cup after
full drawing, predicted by the numerical model, is presented in
Fig. 8 for both process conditions. The two cross sections
Table 5 Computational
performance for five different
finite element meshes considering
material isotropy (condition A)
Mesh #1 Mesh #2 Mesh #3 Mesh #4 Mesh #5
N° of increments 706 725 748 736 747
N° of iterations/increment 8.47 8.53 8.52 8.57 8.55
Computational time [hours] 7.4 22.7 69.8 13.3 45.0
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Fig. 7 Mesh refinement in the thickness direction considering material isotropy (condition A): (a) punch force evolution; (b) radial coordinate of the
side-wall cup evaluated in two layers as function of the angular position
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selected to study the wrinkling behaviour are indicated in the
figure, where the radial distance of the cup side-wall is calcu-
lated as function of the angular position specified by the rolling
direction. The amplitude of the wrinkle pattern is strongly
influenced by the tooling geometry (punch A and punch C),
increasing with the punch dimension h, as shown in Fig. 8.
Punch force evolution
The comparison between experimental and the numerically
predicted punch force evolution is presented in Fig. 9 (a) and
(b) for condition A and C, respectively. Since the reproduc-
ibility of the experimental punch force evolution is rather
good, only one of the curves was chosen as representative of
the results. The experimental punch force is overestimated by
the numerical model for both conditions considered, as shown
in Fig. 9. The modelling of the aluminium alloy using an
isotropic work hardening law (Voce law given in Eq. (1))
can be the reason of this overestimation. In fact, typically the
punch force value decreases when the kinematic hardening is
taken into account, i.e. considering the Bauschinger effect
[40]. On the other hand, the influence of the material anisot-
ropy in the punch force is negligible, as shown in Fig. 9.
The instant (punch displacement) in which the punch force
increases abruptly is accurately predicted for both conditions,
which occurs when the largest cross section of the punch
comes into contact with formed wrinkles (see Fig. 1).
Indeed, the punch force evolution (experimental and numeri-
cal) is identical for both conditions (punch A and punch C)
until approximately 6 mm of punch displacement because the
geometry of the punch in contact with the blank is the same
(see Fig. 1). The abrupt drop of the experimental punch force
that occurs at approximately 14.5 mm results from the loss of
contact between the blank and the blank-holder. Since the
experimental drawing system does not consider a rigid stop
to keep the gap between the blank-holder and the die during
the drawing process [16], the blank-holder promotes the ma-
terial flow into the die cavity immediately before losing con-
tact with the blank. This behaviour is not reproduced in the
numerical simulation due to the stopping condition applied in
the blank-holder, imposing that the gap between the blank-
holder and the die is always higher than 0.2 mm.
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Fig. 9 Comparison between experimental and numerical punch force evolution for: (a) condition A; (b) condition C. Note that there is a small misprint
in the conference proceedings [21] concerning the experimental punch force evolution for condition A
Fig. 8 Deformed geometry of the
cylindrical cup after full
drawing considering material
anisotropy for: (a) condition A;
(b) condition C
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Wrinkle pattern
The wrinkling behaviour is analysed after the full drawing pro-
cess. The contour of the outer surface of the drawn cup is
measured in two cross sections perpendicular to the cup axis
(z = −3.5 mm and z = −5.5 mm), which are illustrated in Fig. 8.
The comparison between experimental and numerical radial
coordinate of the drawn cup, evaluated in these two layers, is
presented in Fig. 10 for the process condition A. The number of
the wrinkling waves observed experimentally is 13 in both
cross sections, while the finite elementmodel predicts 12waves
considering either material isotropy or anisotropy, as shown in
Fig. 10. Since experimentally it is extremely difficult to ensure
that the tools and blank are concentric, the wavelength is not
constant along the circumferential direction. On the other hand,
the numerical model takes advantage of the geometric and ma-
terial symmetry conditions (one-quarter), providing always a
wrinkling pattern with an even number of waves.
The constitutive behaviour of the aluminium alloy, namely
the yield criterion adopted to describe the sheet anisotropy, has
a large impact on the wrinkle prediction. The wrinkling pattern
predicted with the anisotropic yield criterion Cazacu&Barlat
2001 is substantially different from the one obtained consider-
ing material isotropy (von Mises), as shown in Fig. 10. In fact,
considering the distribution of the cup radial coordinate as
function of the angular position, each peak switches to a valley
and vice-versa when the anisotropic yield criterion is adopted.
Therefore, the advanced anisotropic yield criterion used in the
present study provides numerical results that are in better
agreement with the experimental results, as shown in Fig. 10.
For both cross sections analysed, the amplitude of the wrin-
kling waves predicted by numerical simulation using the an-
isotropic yield criterion is similar to the one measured experi-
mentally. Moreover, the small wrinkles arising in each valley
of the experimental radial coordinate distribution for the cross
section z = −5.5 mm (see Fig. 10) are accurately predicted
using the anisotropic yield criterion and overlooked consider-
ing isotropy.
The comparison between the experimental and numerical
radial coordinate of the drawn cup is presented in Fig. 11 for the
process condition C. The amplitude of the wrinkling waves ob-
tained with condition C is significantly lower than with condition
A (see Fig. 10). Therefore, the decrease of the punch dimension h
(Fig. 1) decreases the likelihood of wrinkling occurrence. The
radial coordinate of the drawn cup is slightly underestimated by
the numerical model in both cross sections investigated, as shown
in Fig. 11. The number of the wrinkling waves observed experi-
mentally in the cross section closest to the top surface of the drawn
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Fig. 11 Comparison between experimental and numerical radial coordinate of the side-wall cupmeasured in the planes z = −3.5mm and z = −5.5 mm as
function of the angular position (condition C)
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Fig. 10 Comparison between experimental and numerical radial coordinate of the side-wall cup measured in the planes z = −3.5 mm and z = −5.5 mm as
function of the angular position (condition A)
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cup (z = −3.5 mm) is 13, while the finite element model yields 14
wrinkles considering material anisotropy, as shown in Fig. 11. On
the other hand, considering material isotropy (von Mises), the
finite element model predicts 12 wrinkles with lower amplitude.
Furthermore, the angular location of the wrinkles is in complete
disagreement with the experimental measurements. Concerning
the cross section farthest from the top surface of the cup
(z=−5.5mm), thewrinkling tendency in the side-wall is relatively
small, particularly for the numerical prediction. In fact, when
assuming material isotropy the occurrence of wrinkling is imper-
ceptible (amplitude lower than 0.02 mm), as shown in Fig. 11.
Adopting the advanced anisotropic yield criterion, the shape
of the wrinkles is accurately predicted in both cross sections.
Nevertheless, its amplitude is lower in the numerical simulation
than in the experimental measurement, mainly near the trans-
verse direction of the sheet (see 90° and 270° with the rolling
direction in Fig. 11). Since during deep drawing of cylindrical
cups the sheet located between the blank-holder and die is
subjected to uniaxial compression [41], the anisotropic be-
haviour of the aluminium alloy leads to a non-uniform thick-
ening of the flange along the circumferential direction. The
sheet thickening is higher near the transverse direction than in
the rolling direction [42, 43] because the Lankford coefficient is
smaller than 1.0 in the rolling direction and higher than 1.0 in
the transverse direction (see Fig. 4 (b)). Therefore, the normal
contact pressure and consequently the restraining blank holding
force are higher in the transverse direction, which leads to lower
wrinkling tendency. Indeed, the amplitude of the wrinkles aris-
ing in the transverse direction is lower than the ones
predicted for the rolling direction, as shown in Fig. 11.
Friction conditions
The recommended value for the friction coefficient μ=0.03,
provided by the benchmark committee [21], was the one
adopted in all numerical simulations previously presented.
Nevertheless, the experimental measurement of the friction co-
efficient is difficult since it is influenced by several factors, such
as the contact pressure, the sliding velocity, the surfaces rough-
ness, the lubrication conditions, etc. [24]. Therefore, in the
present study the side-wall wrinkling behaviour is evaluated
for three constant values of friction coefficient (0.0, 0.03
and 0.07). Figure 12 presents the predicted punch force
evolution for the process condition A, assuming material
anisotropy defined by the advanced yield criterion described
in Section 3.1. As expected, the punch force value increases
with the friction coefficient. Indeed, considering the higher
value of friction coefficient (0.07) themaximum value of punch
force increases almost 40 % in comparison with the frictionless
contact conditions, as shown in Fig. 12. Therefore, this drawing
process is very sensitive to the friction conditions, specifically
to the magnitude of the contact forces in the flange.
The wrinkling behaviour evaluated through the radial co-
ordinate of the drawn cup, measured in two cross sections, is
presented in Fig. 13, for the three different values of friction
coefficient. Since the value of the restraining forces arising in
the flange increases with the friction coefficient, the amplitude
of the wrinkling waves is lower for the higher value of friction
coefficient (0.07), as shown in Fig. 13. Furthermore, the num-
ber of wrinkles arising in the cylindrical cup after full drawing
increases from 12 to 14 when adopting the higher value of
17
18
19
20
21
22
23
24
0 45 90 135 180 225 270 315 360
]
m
m[
etanidrooclaida
R
Angle from rolling direction [º]
Simulation (μ=0.0) Simulation (μ=0.03) Simulation (μ=0.07)
5.5 mmz
3.5 mmz
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friction coefficient. Regarding the shape and amplitude of the
wrinkles, the difference between frictionless drawing and low
friction coefficient value (0.03) is negligible, mainly in cross
section z = −3.5 mm. Therefore, taking into account the ex-
perimental wrinkling profile (Fig. 10), the constant value of
friction coefficient provided by the benchmark committee [21]
seems to be appropriate to use in the numerical simulation.
Strain distribution
Both forming process conditions considered in this study (punch
A and punch C) yield side-wall wrinkling in the cylindrical cup
drawing of AA5042 aluminium alloy. Nevertheless, the ampli-
tude of the wrinkles is significantly lower for condition C, in
comparison with the condition A, as highlighted in the final
deformed configuration of the aluminium cups predicted by
numerical simulation (Fig. 8). The wrinkling phenomena occurs
when the minor stress in the sheet is compressive. Therefore this
failure mode can be identified in the tension–compression
domain of the forming limit diagram (FLD), which is defined
by positive major and negative minor strains. Considering
isotropic material behaviour (von Mises), the pure shear strain
path is defined by ε1=−ε2, and the uniaxial tension strain path
by ε2=−0.5ε1, while the strain path referent to uniaxial com-
pression is expressed by ε2=−2ε1. Figure 14 presents for both
process conditions the partial forming limit diagram after full
cup drawing, evaluated only for the nodes located in the outer
surface of the cup side-wall. The minor–major plastic strain
distribution of these nodes is mainly positioned around the pure
shear strain path (assuming isotropy). However, the dispersion is
higher in condition A than in condition C (see Fig. 14), which
varies essentially from uniaxial compression to uniaxial tension.
Moreover, the maximum value of equivalent plastic strain
predicted in the cup side-wall is higher for the condition A.
The representation of the partial forming limit diagram in the
deformed cup is shown inFig. 15 for both conditions. The forming
limit diagram is divided in four zones according to the ratio be-
tweenminor andmajor strains. The safe forming region is defined
for strain paths between uniaxial tension and full biaxial stretching,
while the wrinkling tendency occurs for strain paths between
uniaxial tension and pure shear. On the other hand, the severe
wrinkle region is defined by strain paths varying from uniaxial
compression to plane strain (compressive), while the wrinkle
zone is located between uniaxial compression and pure shear.
The occurrence of bending in the circumferential direction
(wrinkles) results from the compressive stress in the same direc-
tion. For both process conditions studied, the side-wall area of
the cup is subjected to strain paths related with wrinkling and
severe wrinkling. Besides, this area is considerably larger in
condition A than in condition C, as shown in Fig. 15. In fact,
the amplitude of the wrinkles arising in the conical side-wall of
the drawn cup is significantly higher for conditionA (compare in
Fig. 10with Fig. 11). Themagnitude of theminor plastic strain is
higher in the valley of the wrinkles than in the peak due to the
bending effects in the side-wall. Therefore, the material state
predicted through the FLD is severe wrinkling and safe for the
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Fig. 15 Different zones of the partial forming limit diagram plotted on the deformed cup for: (a) condition A; (b) condition C
0
0.05
0.1
0.15
0.2
0.25
0.3
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05
niarts
citsalproja
M
(ε
1)
Minor plastic strain (ε2)
Condition A
Condition C
Fig. 14 Partial forming limit diagram with the minor–major strain plots
for both process conditions after full drawing
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valley and peak of the wrinkles, respectively. The wrinkling
tendency during cup drawing can be accurately predicted using
the FLDprovided by the finite element analysis. Considering the
example under analysis, both process conditions are susceptive
to wrinkling, nevertheless the likelihood of occurrence is higher
for the condition A (see zones with severe wrinkle in Fig. 15).
Conclusions
The occurrence of side-wall wrinkling during the sheet metal
forming process is investigated by the finite element method
using the non-bifurcation analysis. The benchmark 4 proposed
in the Numisheet 2014 conference – Wrinkling during cup
drawing – is the example selected for this study. Two different
process operating conditions are analysed and compared,
which differ only in the punch geometry. The numerical pre-
diction of the wrinkling behaviour in the cylindrical cup draw-
ing process is compared with experimental results. The overall
influence of the plastic anisotropy modelling on the wrinkling
tendency is evaluated by two different yield criteria.
Accordingly, the behaviour of the AA5042 aluminium alloy
is described considering material isotropy (von Mises) as well
as adopting an advanced yield criterion (Cazacu&Barlat 2001).
The numerical results, namely the punch force evolution
and the shape of the formed wrinkles, are very sensitive to the
blank mesh. Therefore, the selection of the finite element
mesh for the blank is a key point for an accurate prediction
of the wrinkling in the drawn cup. Indeed, the in-plane mesh
used to predict the wrinkling behaviour must be significantly
finer than the one employed to simulate the classical drawing
process in absence of wrinkles. The experimental punch force
evolution is slightly overestimated by the numerical model for
both process conditions considered. On the other hand, applying
the advanced yield criterion to describe the aluminium
anisotropy, the side-wall wrinkling behaviour is accurately
predicted by the finite element model, specifically the shape,
number and amplitude of the wrinkles. Nevertheless, the selec-
tion of the yield criterion to model the material anisotropy
induces significant changes in thewrinkling. In fact, the locations
of the peak and the valley in the wrinkling profile are reversed
when the aluminium alloy is modelled as an isotropic material.
Since the presented numerical model takes into account the real
process conditions, namely the geometry of the forming tools
and the frictional contact conditionswith the blank, the numerical
results are in good agreement with the experimental ones.
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